The membrane deformation activity of the herpesvirus nuclear egress complex (NEC), 50 allows viral capsids to transit from their site of assembly in the nucleus through both 51 nuclear membranes into the cytoplasm. The timing, extent and directionality of NEC 52 activity must be precisely controlled during viral infection, yet our knowledge of how 53 NEC activity is controlled is incomplete. To determine how pUL16 and pUL21, two viral 54 proteins required for nuclear egress of herpes simplex virus type 2 (HSV-2) capsids, 55 function to promote nuclear egress, we examined how the lack of each protein impacted 56 NEC localization. These analyses revealed a function of pUL16 in nuclear egress that 57 is distinct from that of pUL21, uncovered a novel role for pUL21 in regulating NEC 58 activity and shed new light on how a viral kinase, pUs3, regulates nuclear egress. 59
Abstract 26
Previous studies from our laboratory established that pUL16 and pUL21 are required for 27 efficient nuclear egress of herpes simplex type 2 (HSV-2) capsids. To better 28 understand the role of these proteins in nuclear egress, we wished to establish whether 29 nuclear egress complex (NEC) localization and/or function was altered in the absence 30 of either pUL16 or pUL21. We used antiserum raised against HSV-2 NEC components 31 pUL31 and pUL34 to examine NEC localization by immunofluorescence microscopy. 32
NEC localization in cells infected with pUL16 deficient viruses was indistinguishable 33
from that observed in cells infected with wild type viruses. By contrast, NEC localization 34 was found to be aberrant in cells infected with pUL21 deficient virus and, instead, 35
showed some similarity to the aberrant NEC localization pattern observed in cells 36 infected with pUs3 deficient virus. These results indicated that pUL16 plays a role in 37 nuclear egress that is distinct from that of pUL21 and pUs3. Higher resolution 38 examination of nuclear envelope ultrastructure in cells infected with pUL21 deficient 39 viruses by transmission electron microscopy showed different types of nuclear envelope 40 perturbations, including some that were not observed in cells infected with pUs3 41 deficient virus. The formation of the nuclear envelope perturbations observed in pUL21 42 deficient virus infections was found to be dependent on a functional NEC, revealing a 43 novel role for pUL21 in regulating NEC activity. The results of comparisons of nuclear 44 envelope ultrastructure in cells infected with viruses lacking pUs3, pUL16 or both pUs3 45 and pUL16 were consistent with a role for pUL16 upstream of primary capsid Herpes virions are complex structures comprised of a large DNA genome 66 encapsulated in an icosahedral capsid surrounded by a proteinaceous layer of 67 tegument, which in turn is surrounded by a lipid envelope studded with numerous 68 membrane glycoproteins. Befitting this structural complexity, the morphogenesis of 69 these particles is equally complex and is not fully understood. The virion assembly 70 pathway begins in the infected cell nucleus where newly replicated viral genomes are 71 packaged into preformed procapsids. DNA-containing capsids are then preferentially 72 selected for further maturation and acquire a primary envelope by budding into the inner 73 nuclear membrane (INM) resulting in the formation of a primary enveloped virion (PEV) 74 residing in the perinuclear space. These PEVs then de-envelop at the outer nuclear 75 membrane (ONM) releasing a capsid into the cytoplasm that is subsequently enveloped 76 at a post-Golgi compartment and the mature virion is secreted from the cell (1). 77
The present study concerns the nuclear egress of capsids from the nucleoplasm to 78 the cytoplasm. Key viral factors required for this process are the components of the 79 nuclear egress complex (NEC). Components of the NEC, the orthologs of the herpes 80 simplex virus (HSV) proteins pUL31 and pUL34, localize predominantly to the INM in 81 virally infected cells (2, 3). Studies from several laboratories have described the 82 molecular structure of NEC complexes derived from a number of herpesviruses and 83 these structures have provided important insight into the molecular mechanisms by 84 which the NEC promotes capsid envelopment at the INM (4-9). Deletion of UL31 or 85 UL34 from HSV-1 results in a 4-log reduction in virus replication in most cell types, and 86 the accumulation of capsids in the nuclei of infected cells (10, 11). pUL34 is a type II 87 membrane protein with a C-terminal transmembrane domain. The N-terminus of pUL34 88 is localized on the cytoplasmic or nucleoplasmic face of the endoplasmic reticulum and 89 INM, respectively. pUL31, a soluble nucleoplasmic phosphoprotein, can interact with the 90 N-terminus of pUL34 and is recruited to the INM in the presence of pUL34. Expression 91 of pUL31 and pUL34 in the absence of other viral proteins leads to vesiculation of the 92 INM at the nuclear periphery (12) and the interaction of purified pUL31 and pUL34 with 93 synthetic membranes in vitro results in the induction of membrane vesiculation (13). 94
Artificial targeting of purified pUL31 to membranes in the absence of pUL34 also leads 95 to membrane vesiculation in vitro, suggesting that a key function of pUL34 is to recruit 96 pUL31 to the membrane surface (14). In infected cells, however, pUL31 and pUL34 are 97 distributed evenly throughout the INM and vesiculation of the INM is not observed (2, 98 12). These findings suggest that the INM vesiculation activity of the NEC is negatively 99 regulated by a protein(s) found in infected cells. 100
One protein that is capable of regulating NEC activity is the viral serine/threonine 101 kinase pUs3. In cells infected with pUs3 mutants of pseudorabies virus (PRV), HSV-1, 102 equine herpes virus 1 (EHV-1) and Marek's disease virus (MDV) PEVs accumulate in 103 herniations of the INM (3, 15-17). HSV-1 pUs3 phosphorylates pUL31 at a number of 104 serine residues in its N-terminus and it has been proposed that these modifications are 105 required for efficient de-envelopment of PEVs at the ONM, because mutation of these 106 pUL31 serine residues to alanine recapitulates the pUs3 mutant phenotype (18). 107
Moreover, mutation of the serine residues in the N-terminus of HSV-1 pUL31 to 108 glutamic acid, to mimic the hyper-phosphorylated pUL31 state, resulted in a failure of 109 capsids to be efficiently enveloped at the INM (18). Taken together, these findings 110 suggest that a hypo-phosphorylated form of pUL31 is required for NEC mediated 111 envelopment of capsids and that pUs3 may act to restrict NEC mediated INM 112 vesiculation by phosphorylating pUL31. 113
Previous studies from our laboratory demonstrated that HSV-2 strain 186 lacking 114 either pUL21 or pUL16 showed deficiencies in the nuclear egress of capsids (19-21). 115
As pUL16 and pUL21 can form a complex (22), we hypothesized that this complex was 116 required for efficient nuclear egress of capsids (19). To define the roles of pUL16 and 117 pUL21 in nuclear egress and to determine whether these proteins function individually 118 or as a complex in nuclear egress, we analyzed the localization and function of the NEC 119 in cells infected with multiple HSV strains deficient in either pUL16 or pUL21. Our 120 analyses revealed that pUL16 mutants were phenotypically distinct from pUL21 mutants 121 in terms of NEC localization in infected cells and indicated that pUL16 functions 122 upstream of pUL21 and pUs3 in nuclear egress. Our analyses also revealed a novel The NEC is mislocalized in cells infected with HSV strains lacking pUL21 or pUs3 130
One possible explanation for the capsid nuclear egress deficiencies seen with 131 HSV-2 pUL21 and pUL16 mutants is that these proteins, individually or as a complex, 132 are required for the appropriate localization and/or function of the viral nuclear egress 133 complex (NEC), comprised of pUL31 and pUL34. To enable investigation of HSV-2 134 NEC localization and function, antisera reactive against HSV-2 pUL31 and pUL34 were 135 produced in rat and chicken, respectively. The antisera produced were highly specific in 136 both Western blot analyses ( Fig 1A) and in indirect immunofluorescence microscopy 137 experiments ( Fig 1B) and were reactive against pUL31 and pUL34 orthologs from both 138
HSV-2 and HSV-1 (see below). 139
Using these antisera we investigated the localization of the NEC in cells infected 140 with pUL21, pUL16 and pUs3 deficient viruses derived from HSV-2 strain 186 141 (designated hereafter as ∆21, ∆16 and ∆Us3). Whereas NEC localization was uniform 142 and smooth at the nuclear rim of cells infected with WT and ∆16 strains, the NEC was 143 mislocalized in cells infected with ∆21 and ∆Us3 (Fig 2) . In the case of ∆21 infected 144 cells, pUL31 and pUL34 still co-localized at the nuclear rim, however the localization 145 pattern was uneven with puncta of varying size distributed irregularly on both the 146 nucleoplasmic and cytoplasmic sides of the nuclear envelope. The pattern of NEC 147 localization in ∆Us3 infected cells appeared distinct from that observed in ∆21 infected 148 cells, with a more uniform, regularly spaced arrangement of puncta along the nuclear 149 rim. A similar pattern of NEC localization has been observed in cells infected with Us3 150 deficient strains of several alphaherpesviruses (3, 15-17). The differences in NEC 151 localization observed between ∆16, ∆21 and ∆Us3 HSV-2 strains suggests that pUL16, 152 pUL21 and pUs3 play roles that are distinct from one another in the nuclear egress of 153 HSV-2. Thus, our earlier hypothesis that pUL16 and pUL21 functioned as a complex to 154 promote nuclear egress is likely incorrect (19) . 155
To investigate whether the striking mislocalization of the NEC observed in cells 156 infected with ∆21 was a phenotype common to other strains of HSV-2 and HSV-1, we 157 examined the localization of the NEC in cells infected with two additional strains of HSV-158 2 (HG52 and SD90e) and two strains of HSV-1 (F and KOS) alongside their 159 corresponding pUL21 mutants (23). Cells infected with pUL21 deficient viruses, 160 regardless of background strain, showed similar aberrant NEC localization in 161 comparison to cells infected with parental viruses (Fig 3) . These findings indicate that 162 NEC mislocalization is a conserved property of pUL21 mutants across HSV species and 163
strains. 164
To ensure that this NEC mislocalization was due to loss of pUL21 and not due to 165 unintended mutations introduced during strain construction, HaCaT cells stably 166 expressing HSV-2 pUL21, HaCaT21, were isolated and infected with WT and pUL21 167 mutant HSV strains derived from HSV-2 (∆21) and HSV-1 (FFS62/34). Whereas 168 parental HaCaT cells infected with pUL21 mutants displayed NEC mislocalization 169 similar to that observed in infected Vero cells (compare Fig 4A with Fig 3) , HaCaT21 170 cells infected with pUL21 mutants displayed smooth NEC localization ( Fig 4A) . The 171
proportion of infected cells displaying smooth versus perturbed NEC localization was 172 quantified in two independent experiments ( Fig 4B) . Whereas expression of HSV-2 173 pUL21 in HaCaT cells had no effect on the localization of the NEC in WT virus infected 174 cells, it restored the normal, smooth, localization of the NEC in pUL21 mutant infected 175 cells from 37.5% to 84.5% in the case of ∆21 and from 7.5% to 41% in FFS62/34 176 infected cells. The superior complementation observed with the HSV-2 versus the 177 HSV-1 UL21 mutant may be due to the expression of a HSV-2 pUL21 ortholog in 178
HaCaT21 cells rather than a HSV-1 derived pUL21. Taken together, these data confirm 179 that the perturbation in NEC localization observed in cells infected with pUL21 mutant 180 strains was due to the loss of pUL21. 181 182
Cells infected with HSV strains lacking pUL21 display a variety of nuclear 183 envelope perturbations. 184
As the NEC is anchored within the INM by its pUL34 component, the NEC labeled 185 irregular puncta in UL21 mutant infected cells that appeared to protrude into and out of 186 the nucleus likely represented perturbations of the nuclear envelope. To examine this 187 at higher resolution, transmission electron microscopy (TEM) analyses were carried out 188 on Vero cells infected with three strains of HSV-2 (186, HG52 and SD90e) and two 189 strains of HSV-1 (F and KOS) alongside their corresponding pUL21 mutants. The 190 appearance of the nuclear envelope in cells infected with WT strains were similar to 191 each other, characterized by a smooth appearance occasionally punctuated by small, 192 localized perturbations associated with egressing capsids ( To investigate whether the nuclear envelope perturbation phenotype observed in 209 the absence of pUL21 required a functional NEC, we measured the effect of pUL31 210 knockdown on nuclear envelope perturbations. Production of pUL31 was specifically 211 knocked down by DsiRNA 19 directed against the UL31 transcript ( Figs 8A and B) . 212
Whereas knockdown of pUL31 had no effect on the localization of pUL34 at the nuclear 213 rim in WT infected cells, knockdown of pUL31 had a dramatic effect on pUL34 214 localization in ∆21 infected cells. This effect is most clearly demonstrated in Figure 8C . infected with other strains of HSV-2 and HSV-1 lacking pUL16 (20) (Fig 9) confirming 231 that this NEC localization phenotype is conserved amongst HSV species and strains. To 232 further test the idea that pUL16 functions upstream of pUs3, we analyzed the phenotype 233 of two independently isolated HSV-2 strain 186 viruses carrying deficiencies in both 234 proteins (D16/DUs3). We predicted that if pUL16 was functioning upstream of pUs3 in 235 capsid nuclear egress, the NEC localization in cells infected with the D16/DUs3 mutants 236 would resemble that of D16. Western blot analysis of cells infected with D16/DUs3 237 viruses alongside cells infected with WT, D16, or DUs3 viruses demonstrated the 238 absence of both pUL16 and pUs3 in the double mutants ( Fig 10) . The localization of 239 the NEC in cells infected with D16/DUs3 was mostly smooth (Fig 2) , similar to what was 240 observed in WT and D16 infected cells (Figs 2 and 9). However, closer examination of 241 the nuclear envelope by TEM revealed herniations of the INM that were rarely seen in 242 D16 infected cells (Fig 11) . These herniations resembled the INM structures formed in 243
DUs3 infected cells (Fig 11A, B) except that in D16/DUs3 infected cells they lacked 244 PEVs (Fig 11C,D) . Collectively, these findings are consistent with the idea that that 245 pUL16 functions upstream of capsid primary envelopment. Moreover, the data suggest 246 that it is the lack of pUs3 that is the cause of INM herniation rather than the 247 accumulation of PEVs in the perinuclear space. anticipated that the NEC localization phenotype would be similar between the D21 and 254 D16 strains. This was not the case (Fig 2) . Whereas D21 demonstrated profound NEC mislocalization, the NEC localization in D16 infected cells was indistinguishable from 256 that observed in WT infected cells. These findings suggested that pUL21 and pUL16 257 were functioning in mechanistically distinct ways to promote nuclear egress and that it 258 was unlikely that a pUL21/pUL16 complex was the functional unit enabling efficient 259 nuclear egress. 260
How might pUL16 function in HSV-2 nuclear egress? A failure to produce DNA 261 containing capsids in pUL16 mutant infected cells cannot explain this defect ( Fig 11C) 262 (19, 20) . It is equally unlikely that the lack of pUL16 impacts the transport of DNA-263 containing capsids to the INM as capsid movement within the nucleus is thought to 264 occur primarily by diffusion (25, 26). It may be that the absence of pUL16 influences the 265 composition of nuclear capsids such that they are unable to efficiently engage the NEC. 266
Analysis of cells infected with UL21 mutants derived from multiple HSV-2 and 267
HSV-1 strains indicated that the impact of pUL21 loss on NEC localization was 268 conserved between HSV strains and species. Ultrastructural examination of UL21 269 mutant strains revealed a number of nuclear envelope perturbations including 270 extravagations of the nuclear envelope into the cytoplasm as well as invaginations of 271 the nuclear envelope and the INM into the nucleoplasm (Fig 6) . When INM 272 invaginations were observed, PEVs were often seen accumulating in these structures 273 that were reminiscent of INM herniations seen in cells infected with Us3 mutants derived 274 from PRV (17), EHV-1 (15), MDV (16), HSV-1 (3) and HSV-2 ( Fig 11A) . Knockdown of 275 pUL31 in cells infected with D21 prevented these nuclear envelope perturbations 276 indicating that pUL31 activity was required to drive the formation of these structures and 277 further suggesting that NEC activity is dysregulated in the absence of pUL21. 278
Co-expression of pUL31 and pUL34 in the absence of other viral proteins leads 279 to vesiculation of the INM at the nuclear periphery leading to the formation of 280 perinuclear vesicles (12), and the interaction of purified pUL31 and pUL34 with synthetic 281 membranes also results in membrane vesiculation (8, 13). Evidence is mounting that 282 the membrane vesiculation activity of the NEC is regulated in the context of viral 283 infection (27). In cells infected with WT strains of HSV-1 (Fig 3 and (2) ), PRV (28) and 284 HSV-2 (Fig 3 and (29) ), pUL31 and pUL34 localize in a smooth and even distribution at 285 the nuclear membrane and INM vesiculation is rarely apparent, suggesting that factors 286 found in virally-infected cells regulate NEC activity such that it is only active when 287 capsids are presented for envelopment. One such regulator of the NEC is the viral 288 serine/threonine kinase pUs3. Although pUs3 functions in multiple facets of the virus-289 host interaction (30), the best characterized is its role in nuclear egress. PEVs were 290 observed to accumulate in INM herniations in cells infected with a PRV Us3 mutant 291 virus (17). The interpretation of this observation was that PEV accumulations result as 292 a consequence of the failure of PEVs to de-envelop at the ONM. This interpretation has 293 been widely utilized to explain the phenotypes of Us3 mutant strains derived from other 294 herpesviruses including HSV-1, EHV-1 and MDV (3, 15, 16). The data presented here 295 confound this interpretation. Our analysis of two independently constructed D16/DUs3 296 mutants revealed the presence of INM herniations that lack PEVs (Fig 11C) . 297
Collectively, these findings suggest that formation of INM herniations is not driven by 298 the accumulation of PEVs in the perinuclear space but rather by the absence of pUs3. 299
Baines and co-workers demonstrated that pUs3 phosphorylates multiple serine 300 residues in the N-terminus of pUL31 and that serine to alanine substitution of these 301 residues recapitulates the Us3 null phenotype (i.e. the accumulation of PEVs in the 302 perinuclear space) (18). We hypothesize that the absence of pUs3-mediated 303 phosphorylation of pUL31 "activates" the NEC to form INM herniations. We suggest 304 that, by breaching the lamina and marginalized chromatin, INM herniations serve as 305 attractive sites for primary envelopment. However, this might position PEVs too far 306 away from the ONM where de-envelopment must take place and thereby leads to their 307 accumulation in the perinuclear space. In other words, if the separation between the 308 site of primary envelopment and the site of de-envelopment is too large, this can impair 309 nuclear egress. This idea is supported by observations from the Mettenleiter laboratory 310
showing that when the perinuclear space was enlarged through expression of a 311 dominant-negative SUN protein, PRV PEVs accumulated within this compartment (31). 312
As formation of INM invaginations is a feature associated with UL21 mutants (Fig 6) , 313 separation of the sites of primary envelopment and de-envelopment may also explain 314 why UL21 mutants can display nuclear egress impairment even in the presence of 315 functional pUs3. 316
Our observation that knockdown of pUL31 in D21 infected cells prevented NEC 317 mislocalization implies that NEC activity is required for this mislocalization and further, 318 similar to pUs3, pUL21 can regulate NEC activity. In addition to other nuclear envelope 319 perturbations, we observed the accumulation of PEVs within extensive INM 320 invaginations, particularly in HSV-1 strains harboring UL21 deletions. As mentioned 321 above, a likely explanation for the Us3 mutant PEV accumulation phenotype is the 322 hypo-phosphorylation of pUL31 observed in the absence of pUs3 (18). It may be that 323 pUL21 enhances pUs3 activity or, alternatively, regulates the phosphorylation status of 324 pUL31 by other means such as by preventing its dephosphorylation. Our earlier 325 observations that pUL21 localizes to the nuclear rim during virus infection would 326 position pUL21 in the appropriate location to perform such activities (21). Determining 327 the mechanism by which pUL21 localizes to the nuclear rim and examination of pUL31 328 phosphorylation status in UL21 mutant infected cells should provide clearer insight into 329 how pUL21 regulates NEC activity. 330
Our observation (Fig 2 and 11A) that the NEC was mislocalized and that PEVs 331
accumulated in INM herniations in DUs3 infected cells lies in contrast with work from the 332
Kawaguchi laboratory, which suggested that nuclear egress is unperturbed in HSV-2 333
Us3 mutants (29). As the strain of HSV-2 and the cell type utilized in the two 334 laboratories were identical, the nature of the mutations may be responsible for this 335 discrepancy. The DUs3 strain used herein contains tandem nonsense codons after the 336 second Us3 codon and infections with DUs3 produce no pUs3 (Fig 10, Supplemental  337   Fig 1) . By contrast, the strains utilized by Morimoto and colleagues express catalytically 338 inactive forms of pUs3 raising the possibility that pUs3 is important for HSV-2 nuclear 339 egress, but its kinase activity is not (29). Interestingly, replacement of HSV-1 Us3 with 340 HSV-2 Us3 resulted in a chimeric strain that displayed nuclear egress deficiencies (32). 341
These findings indicated that HSV-2 Us3 could not complement the loss of HSV-1 Us3 342 and further supported the idea that HSV-2 pUs3 does not function in nuclear egress. 343
However, based on our findings that the absence of pUs3 in HSV-2 perturbs nuclear 344 egress (Figs 2 and Fig 11A, B) , it may be that HSV-2 pUs3 expressed in the HSV-1 345 background strain is unable to engage other, as yet unidentified, viral or cellular proteins 346 required for pUs3 nuclear egress activity. 347
In conclusion, we have provided evidence that pUL16, pUL21 and pUs3 play 348 distinct roles in the nuclear egress of HSV-2 capsids. Whereas, pUL16 appears to 349 function upstream of capsid primary envelopment, both pUs3 and pUL21 appear to 350 function by regulating NEC activity through distinct mechanisms. GCGCGCAACCAATTAACCAATTCTGATTAG-3′ were used to amplify a PCR product 387 from pEP-Kan-S2, which was used to restore the complete Us3 gene in the DUs3 BAC 388 as described above. Western blot analysis confirmed that pUs3 was not produced in 389 cells infected with DUs3 ( Supplemental Fig 1) and was restored in the repaired strain 390
DUs3R. HSV-2 186 viruses deficient in both pUs3 and pUL16 (D16/DUs3) were 391 constructed by CRISPR/Cas9 mutagenesis with HSV-2 UL16 specific guide RNAs on 392 viral genomic DNA isolated from DUs3 as described previously (20) . Two separate 393 D16/DUs3 viruses, isolated from independent co-transfections, were utilized in this 394 study. In both D16/DUs3 viruses, the UL16 gene contains an in-frame deletion of 395 codons 10 through 360. WT viruses and pUs3 deficient virus were propagated in either 396
Vero or HaCaT cells. All pUL21 deficient viruses were propagated in either L21 or 397 
Plasmids and transfections 471
The construction of a plasmid encoding EGFP-UL31 was described previously 472 (36). To construct EGFP-UL34, PCR utilizing a forward primer 5'-473 AGTTCGAATTCTATGGCGGGGATGGGGAAGCCCTACG-3' and reverse primer 5'-474 GATCGTCGACTCATATAGGCGCGCGCCAACCGCC-3' were used to amplify the 475 UL34 gene using purified HSV-2 DNA as template. The product was digested with 476
EcoRI and SalI and ligated into similarly digested pEGFP-C1 (Clontech Laboratories, 477
Mountain View, CA). All plasmids constructed utilizing PCR were sequenced to ensure 478 that no unintended mutations were introduced. For preparing whole cell extracts of 479 transfected cells for Western blot analysis, plasmids were transfected into 293T cells 480 using the calcium phosphate co-precipitation method (37). To examine the localization 481 
